We propose a new type of photoresponse induced in asymmetric Weyl semimetals in an external magnetic field. In usual symmetric Weyl semimetals in a magnetic field, the particles and holes produced by an incident light in different Weyl cones have opposite helicities and hence move in opposite directions, canceling each others's contributions to the photocurrent. However this cancelation does not occur if the Weyl semimetal possesses both a broken particle-hole symmetry and a broken spatial inversion symmetry. We call the resulting generation of photocurrent the helical magnetic effect because it is induced by the helicity imbalance in a magnetic field. We find that due to the large density of states in a magnetic field, the helical magnetic effect induces a remarkable large photocurrent for incident THz frequency light. This suggests a potential application of asymmetric Weyl semimetals for creating THz photosensors.
INTRODUCTION
The hallmark of Dirac and Weyl semimetals (DSMs/WSMs) is the emergence of massless fermion quasiparticles near the band-touching points [1] [2] [3] . These low-energy excitations are described by the Dirac and Weyl equations and allow to study the effects of relativistic quantum field theory in condensed matter systems. These effects include the Chiral Magnetic Effect (CME) [4] [5] [6] [7] [8] [9] [10] -the CP-odd dissipationless transport phenomenon stemming from the chiral anomaly [11] [12] [13] . The CME has been observed in experiments on magnetotransport in a growing number of DSMs [14] [15] [16] [17] and WSMs [18] [19] [20] [21] [22] [23] .
Recently it has been pointed out that in condensed matter systems (where the Lorentz and rotational symmetries are in general absent), new types of DMSs/WSMs possessing exotic dispersion relations around the band-touching points could emerge, such as type-II WSMs [24] , multi-WSMs [25] , and asymmetric WSMs [26] . In particular, the asymmetric WSMs (aWSMs), with different dispersion relations for the leftand right-handed chiral fermions, are expected to provide a variety of new transport phenomena which are absent in ordinary relativistic systems [26] [27] [28] .
The photovoltaic effect, normally realized in semiconductors, is hard to realize in DMSs/WSMs due to severe cancellations of the induced photocurrent resulting from the Lorentz or rotational symmetries of the quasiparticle spectrum. In aWSMs, however, it is possible The horizontal plane parametrizes the momentum space (kx, ky) with fixed kz and the vertical axis parametrizes the energy E(k). For a fixed frequency of external light, the states below Fermi surface (the lower red line) can be excited to above the surface (the upper red line) as indicated by the black arrows at zero temperature. The vertical distance between two red lines corresponds to the excitation energy provided by the external light. Since a part of the upper red line is below the Fermi surface in the tilted cone the excitation is highly suppressed by the Pauli blocking at low temperature.
to avoid such cancellations -this has been recently proposed in [28] 1 . The photoresponse in DMSs/WSMs for far-infrared incident light is potentially strong due to the absence of the energy gap in the spectrum of quasiparti-1 In Ref. [26] , we discussed the AC CME in Weyl semimetals that break both spatial inversion and reflection symmetry. For the photovoltaic effect, however, reflection symmetry does not need to be broken by the band structure of the material since the external light breaks it as well, as pointed out in Ref. [28] .
cles.
In this letter, we show that in aWSMs a new type of photocurrent is induced along the direction of an external magnetic field. We will find that the corresponding photocurrent is enhanced by the density of fermion states in magnetic field, and appears very strong for the THz frequency light. Let us begin by considering two cancellation mechanisms of photoresponse in WSMs under external magnetic field and the ways of circumventing them. A seed of the response is provided by the particle-hole excitations driven by the incident light. The particle and hole, however, have opposite helicities, and hence move parallel and antiparallel to the external magnetic field, which results in vanishing net current. To avoid this cancellation, we need to generate imbalance between particle and hole excitations, i.e., broken particle-hole symmetry. The other problem is the cancellation between two Weyl cones with opposite chiralities. Even if particlehole asymmetry allows a finite current from the left-and right-handed Weyl cones respectively, they would cancel in inversion-symmetric systems.
Therefore, a necessary condition for the finite current to be induced is the existence of Weyl cones with broken particle-hole symmetry as well as the broken spatial inversion symmetry. Here, the particle-hole transformation acts on the energy dispersion of a single Weyl cone as E k → −E k +2E 0 , where E = E k is dispersion relation of a Weyl cone and the Weyl point sits on E 0 . The spatial inversion exchanges the left and right handed Weyl cones. One of the crucial ingredients is the asymmetry in particle-hole excitation, which effectively generates a helicity imbalance under magnetic field. Hence, we call the photoresponse mechanism the helical magnetic effect. A typical dispersion relation for a pair of Weyl cones which induces the effect is shown in Fig. 1 . Different dispersion relations for left-and right-handed Weyl cones are allowed due to the broken spatial inversion symmetry. Furthermore, the cone on the left is tilted, which breaks the particle-hole symmetry. Therefore, as we will see explicitly, aWSMs possessing a pair of inversion and particle-hole symmetry-breaking Weyl cones will exhibit the helical magnetic effect.
We will find that the helical magnetic effect induces a significantly larger photocurrent in IR region compared to the photocurrent discussed in [28] . We show by explicit calculation based on chiral kinetic theory that the current is particularly large if the incident light is of teraherz frequency. This result points at the possibility of realizing very efficient infrared radiation sensors in aWSMs such as TaAs, WTe 2 [24] , or SrSi 2 [29] .
II. PHOTORESPONSE IN WEYL SEMIMETALS
In this section we derive general formulae for the photovoltaic effect in WSMs [28] taking into account the effect of external magnetic field. Consider the Weyl hamiltonian in the Brillouin zone q = (q x , q y , q z ) described by the following two band model around a left-handed Weyl point,
v F is the Fermi velocity and σ i is the Pauli matrix. The second term tilts the Weyl cone in the direction determined by a constant vector v L . The interaction between the emergent Weyl fermions and an incident light A(t) = A + e iωt +A − e −iωt with frequency ω is introduced by the Peierls substitution H(q) → H(q − e A). The interaction hamiltonian V (t) becomes
with V ± = −ev F A ±,i σ j . It is noted that, although the Peierls substitution in the second term in Eq. (1) also yields an interaction, it does not contribute to the transition probability because it is diagonal in spin space.
We compute the electric current induced by the electron-photon interaction under the influence of a static background magnetic field B,
where l = ± label upper and lower Weyl cones and E ± are the corresponding dispersion relations. Eq. (4) is the photocurrent discussed in [28] . Chiral kinetic theory gives the expression Eq. (5) under the external magnetic field and Berry curvature [5, 30, 31] , that corresponds to the current induced by the helical magnetic effect. The Berry curvature Ω l is given by
with u ± being the eigenstates of Weyl hamiltonian (1), n ± and n 0 ± denote nonequilibrium and equilibrium distribution functions, and each sign again corresponds to the upper and lower Weyl cone, respectively. The f ± (q) are obtained by solving the following equations,
where the second terms in the right hand side of both equations are relaxation terms induced by the interaction between excited electron and the medium in the relaxation time approximation with a relaxation time τ . The rates Γ {∓→±} express absorption and emission processes, respectively, given by Fermi's golden rule,
where ∆E ≡ E + − E − is electron-hole excitation energy. By solving Eqs. (7) and (8) and assuming τ Γ 1 we obtain the distribution functions
Substituting these distribution functions into Eq. (3) and summing up the electron and hole contributions, we obtain
where the dimensionless currentsJ photo andJ HME are given bȳ
We remark on the broken symmetries necessary for the helical magnetic effect:
• J HME vanishes if each Weyl cone is particle-hole symmetric, i.e., E + + E − = 0, while J photo yields a finite contribution.
• The sum of left and right handed contributions to J HME yields a finite total current only if spatial inversion symmetry is broken.
The various properties of Eqs. (12) and (14) were discussed in [28] .
III. HELICAL MAGNETIC EFFECT
We consider the photoresponse induced by linearly polarized light in an external magnetic field, i.e., the helical magnetic effect, given by J HME in Eq. (5). The current is induced when both particle-hole symmetry and spatial inversion symmetry are absent. The helical magnetic effect is similar to chiral magnetic effect, which induces the dissipationless current in the direction of external magnetic field when particle-hole symmetry of the left and right Weyl cones are separately broken by a finite chemical potential and spatial inversion symmetry is broken by a chiral chemical potential. The helical magnetic effect is, however, different in that it is induced by incident light without the need for a chiral chemical potential.
Now, we take a closer look at Eq. (5),
The broken particle-hole symmetry makes the terms inside the bracket finite and the cancellation of photocurrent inside a single Weyl cone can be avoided. We calculate the current for a left-handed tilted Weyl cone 2 ,
which yields two eigenenergies,
with corresponding eigenvectors,
where q ≡ |q|. ∂(E + + E − )/∂q = 2 v Lqz in Eq. (16) is indeed nonvanishing due to the second term of (17), which explicitly breaks particle-hole symmetry. The interaction between the electrons and linearly polarized light is given by V i = −ev F Aσ i , where i = x, y, z is a direction of the polarization. Although the second term in Eq. (17) also induces the interaction between the incident light and fermions we ignore it as it does not contribute to the transition probability (19) . The corresponding transition probability is given by
Assuming incident light polarized in z direction (setting i = z above), we can simplify the dimensionless he-lical magnetic current tō
where the equilibrium distribution functions are given by f
The contribution from a right-handed Weyl cone with a hamiltonian
is similarly calculated to bē
where we used Ω + = −Ω − . In WSMs with spatial inversion symmetry, v L = v R and hence J L HME = −J R HME which leads to cancellation between two nodes. Therefore we need an inversion-breaking asymmetry between left and right-handed Weyl cones. For example, if we take v L = 0 and v R = 0 as shown in Fig. 1 , the contribution from right-handed Weyl cone vanishes. The induced current is given only by the left-handed contribution (20) . If time reversal symmetry is not broken we need another pair of Weyl cones, i.e., two left-and two right-handed Weyl cones, and two left/right-handed cones are exchanged under time reversal transformation.
The helical magnetic effect can be also generated by circularly polarized light as well, in which case the computation is completely analoguous and we do not repeat it here.
IV. DISCUSSION
In this section we discuss the magnitude and frequency dependence of the helical magnetic current under realistic assumptions for the input parameters. Let us first briefly estimate the magnitude of the current induced by the helical magnetic effect in comparison with the photocurrent given by (12) and (14) in the same system, with the directions of tilt and polarization are taken to be the same. More specifically, we take the tilt of Weyl cones, polarization of incident light, and external magnetic field along the z axis, and measure the currents induced by the helical magnetic effect and photovoltaic effect in z-direction. Under this setup, the dimensionless parts of currentsJ photo andJ HME have the same frequency dependence, |J photo |(ω) = 1 2 |J HME |(ω). We note that J HME /|J HME | is not suppressed in the IR region in contrast to J photo /|J photo |. The ratio of prefactor of the helical magnetic current (13) and photocurrent (4) is
for magnetic field 1 T, frequency of incident light 1 THz, v L /v F = 0.1, and v F = c/300 where c is the speed of light. It is remarkable that the helical magnetic effect yields a much larger current (by a factor of a hundred) in the infrared region compared with the normal photocurrent, the latter being suppressed in the IR by factor ω 2 . This enhancement of the helical magnetic effect is due to the large density of fermion states in magnetic field ∼ eB as opposed to the usual density of states ∼ ω 2 that determines the magnitude of conventional photocurrent.
We now compute the magnitude of the helical magnetic current taking account of dimensionless parts in THz regime (1 ∼ 100 THz). The relaxation times in Weyl semimetals are typically 10 ps, and typical laser intensity is I = 0 c(ωA) 2 ∼ 10 6 Wm −2 . In fig. 2 , we plot the helical magnetic current (20) as a function of the frequency of the incident light at temperatures T = 20 K and T = 77 K. At T = 20 K ( fig. 2a) , the peak shifts towards the infrared frequency (towards the ultraviolet frequency) for smaller (larger) chemical potential µ. Furthermore, the maximal value of the current (20) increases strongly with lowering µ. On the other hand, at T = 77 K ( fig. 2b) , the strongest response is obtained for µ ∼ 10 meV and the incident light with the frequency ∼ 1 THz although the peak of the current is smeared compared with that at low temperature.
V. CONCLUSIONS
We proposed a new type of photoresponse in aWSMs -the helical magnetic effect. The current is induced in the direction of an external magnetic field when the WSM breaks the spatial inversion and particle-hole symmetries. The spatial inversion symmetry is broken in aWSMs with different dispersion relations for the left and right handed Weyl nodes. The particle-hole symmetry is typically broken in tilted WSMs including the recently proposed type-II WSMs [24] .
The induced current was computed here in the semiclassical limit described by chiral kinetic theory. The excitation around the Fermi surface induced by the incident light combined with the Berry curvature yields a nonvanishing response current in tilted aWSMs. We estimated the magnitude of induced current, and found that the helical magnetic effect yields much larger currents compared to the standard photoresponse for infrared incident light. Furthermore, we analyzed the frequency dependence of the induced current for various temperatures and chemical potentials. The infrared sensitivity of the helical magnetic effect is quite sharp at T = 20 K with a well-defined peak around the chemical potential, and still large even at T = 77 K although the peak is strongly broadened at these higher temperatures and weakened in magnitude.
The helical magnetic effect can be realized, for instance, in WTe 2 which is proposed as a type-II WSM, with an expected asymmetry for left and right-handed Weyl cones. TaAs and SrSi 2 are other candidate aWSMs. The strong photoresponse predicted in this paper may allow to create an efficient photosensor for THz radiation using the aWSMs.
